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Carrier multiplication is a many-particle process giving rise to the generation of multiple electron-
hole pairs. This process holds the potential to increase the power conversion efficiency of photovoltaic
devices. In graphene, carrier multiplication has been theoretically predicted and recently experi-
mentally observed. However, due to the absence of a bandgap and competing phonon-induced
electron-hole recombination, the extraction of charge carriers remains a substantial challenge. Here
we present a new strategy to benefit from the gained charge carriers by introducing a Landau quan-
tization that offers a tunable bandgap. Based on microscopic calculations within the framework
of the density matrix formalism, we report a significant carrier multiplication in graphene under
Landau quantization. Our calculations reveal a high tunability of the effect via externally accessible
pump fluence, temperature, and the strength of the magnetic field.
Introduction. In 1961 Schockley and Queisser pre-
dicted a fundamental limit of approximately 30% for
the power conversion efficiency of single junction solar
cells [1]. Their calculation is based on a simple model,
in which the excess energy of absorbed photons is as-
sumed to dissipate as heat. This is a good assumption
for most conventional semiconductors, whereas for low-
dimensional nanostructures with strong Coulomb inter-
action, the excess energy can be exploited to generate
additional electron-hole pairs. In such structures with
highly efficient Auger processes, the Schockley-Queisser
limit can be exceeded up to 60% [2]. Furthermore, the
gained multiple electron-hole pairs can also increase the
sensitivity of photodetectors and other optoelectronic de-
vices.
Carrier multiplication (CM) was first theoretically pre-
dicted [3] and measured [4] for semiconductor quantum
dots exhibiting a strong spatial confinement in all three
directions. Multiplication of photo-excited carriers has
also been found in one-dimensional nanostructures, such
as carbon nanotubes [5, 6]. In graphene, the carrier
confinement combined with the linear bandstructure was
predicted to account for highly efficient Auger processes
[7] giving rise to a considerable carrier multiplication
[8, 9]. Just recently, these predictions were confirmed
by Brida et al. within a joint experiment-theory study
also including new insights into collinear scattering in
graphene [10], which has been controversially discussed
in literature. However, to realize graphene-based photo-
voltaic devices, the key problem of charge carrier extrac-
tion in gapless nanostructures needs to be solved. Here
we suggest a strategy based on Landau quantization of
graphene to address this substantial challenge, where a
magnetic field is used to induce gaps between discrete
Landau levels. Graphene in high magnetic fields has al-
ready attracted an immense interest in recent years [11–
14]. Unlike an ordinary two-dimensional electron gas, it
exhibits an unique Landau level structure, where the en-
ergy is proportional to the square root of the Landau level
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index n = 0,±1,±2, ... (En ∝ ±
√|n|), cf. Fig. 1. This is
a direct consequence of the linear density of states in the
low-energy region and results in an anomalous quantum
Hall effect [11, 12].
In this Article, we predict the occurrence of carrier
multiplication in Landau-quantized graphene, where the
energy gap between the Landau levels is of advantage for
the extraction of gained charge carriers. The magnetic
field can be tuned so that the inter-Landau level spacings
Figure 1. Auger scattering in Landau-quantized
graphene. Sketch of the nine energetically lowest Landau
levels of graphene with the Dirac cone in the background.
The optical excitation via a linearly polarized laser pulse in-
duces the transitions −4 → +3 and −3 → +4, cf. the yellow
arrows. The energy-conserving process of impact excitation
(IE) involves the inter-Landau level transition +4 → +1,
which provides the energy to excite an electron from n = 0
to n = +1 resulting in an increase of the number of charge
carriers, cf. the red arrows. The inverse process of Auger
recombination (AR) is shown by the green arrows.
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2do not fit the energy of the most relevant optical phonons
resulting in a strongly suppressed carrier-phonon scat-
tering. Although at first sight the non-equidistant Lan-
dau level spectrum seems to suppress Auger processes,
a number of energetically degenerate inter-Landau level
transitions exists providing the basis for efficient Auger
scattering, cf. Fig 1. This allows to exploit the advantage
of graphene having a strong Coulomb interaction while
the acoustic phonon coupling is weak in comparison to an
ordinary two-dimensional electron gas in a semiconduc-
tor heterostructure. As a result, graphene under Landau
quantization presents optimal conditions for the appear-
ance of a significant carrier multiplication.
Theoretical approach. While the carrier dynamics
in graphene has been intensively investigated over the
last few years [15–19], there has been only a single study
in the presence of a strong magnetic field by Plochocka
et al. [20]. In the latter study, the relaxation dynamics
between higher Landau levels (n ≈ 100) is investigated in
a differential transmission experiment revealing the im-
portance of Auger scattering in a magnetic field and an
overall suppression of scattering rates in comparison to
the no-field case. Based on the density matrix formalism
[21, 22], we perform time-resolved microscopic calcula-
tions of the ultrafast carrier relaxation dynamics within
the energetically lowest Landau levels. We exploit a cor-
relation expansion in second order Born-Markov approx-
imation [21, 22] to derive Bloch equations for graphene
under Landau quantization:
ρ˙n(t) = −2
∑
n′
Re[Ωnn′(t) pnn′(t)] + Sinn (t) [1− ρn(t)]− Soutn (t)ρn(t), (1)
p˙nn′(t) = i4ωnn′pnn′(t) + Ωnn′(t) [ρn(t)− ρn′(t)]− Γ(t)~ pnn′(t). (2)
It is a coupled system of differential equations for the
carrier occupation probability ρn(t) in the Landau level
n and the microscopic polarization pnn′(t) being a mea-
sure for optical inter-Landau level transitions according
to optical selection rules, cf. Fig. 1. The equations
explicitly include the carrier-light interaction, all energy
conserving electron-electron scattering processes, as well
as the coupling with most relevant optical phonons. The
carrier-light interaction enters the equations via the Rabi
frequency Ωnn′(t) = e0m0Mnn′ ·A(t) with the elementary
charge e0, the electron mass m0, the optical matrix ele-
ment Mnn′ , and the vector potential A(t). The energy
difference 4ωnn′ = (n − n′)/~ between the involved
Landau levels defines the resonance condition. The mag-
netic field is incorporated into the equations by exploiting
the Peierls substitution ( see Supplementary Note 1), ac-
counting for the change of electron momentum induced
by the confinement into cyclotron orbits [14, 23]. The
appearing in- and out-scattering rates Sin/outn describe
Coulomb- and phonon-induced many-particle scattering
processes. The rates include Pauli-blocking terms and
the corresponding matrix elements, cf. Supplementary
Notes 2-4 for more details. Due to the energy mismatch
of the optical phonon modes with the inter-Landau level
transitions at the assumed magnetic field strength, opti-
cal phonon scattering is strongly suppressed. Processes
involving acoustic phonons and two-phonon relaxation
processes can occur [24–26], however, both are much
slower compared to the Coulomb-induced dynamics and
are neglected in the following. The scattering processes
do not only change the carrier occupation ρn(t), they also
contribute to the dephasing Γ of the microscopic polar-
ization pnn′(t). The main contribution of Γ stems from
electron-impurity scattering, which also induces a broad-
ening of the Landau levels. This broadening is explicitly
calculated in the self-consistent Born approximation fol-
lowing the approach of Ando [27], cf. Supplementary
Note 5, where the electron-impurity scattering strength
is chosen in agreement with previous theoretical studies
[28, 29]. The validity of the applied Markov approxi-
mation has been tested by performing calculations tak-
ing also into account non-Markovian effects. The latter
reflect the quantum-mechanical energy-time uncertainty
principle giving rise to a weak temporal oscillation of car-
rier occupations. However, the effect is small and does
not qualitatively change the investigated inter-Landau
level carrier dynamics, cf. Supplementary Note 6.
In order to account for momentum-dependent dynami-
cal screening, we consider the dielectric function (q, ω) in
the random phase approximation following the approach
of Refs. [14, 30]. While the real part of the dielec-
tric function closely resembles the static limit (cf. Ref.
[14, 30]), taking a finite energy transfer ~ω into account
gives rise to a non-vanishing imaginary part, cf. Sup-
plementary Note 3 for more details. Then, the Fourier
transform of the Coulomb potential Vq appearing in the
Coulomb matrix element
V 1234 =
∑
q
VqΓ13(q)Γ24(−q), (3)
Γif (q) =
ˆ
drΨ∗f (r)e
iqrΨi(r), (4)
is substituted by the screened potential Vq/(q, ω). Here,
q and ~ω are the momentum and energy transfers of the
scattering events and Ψi denotes the wave function of a
state i. Since in the presence of a magnetic field, the
3Figure 2. Landau level occupations. Temporal evolution
of the occupation probability ρ4(t) involved in the optical ex-
citation characterized by an ultrashort pulse with a width of
1 ps and ρ1(t) reflecting the importance of Auger processes in
the presence of a magnetic field with B = 4T. The dashed
lines illustrate the dynamics in the absence of Coulomb scat-
tering. The yellow shaded region denotes the width of the
excitation pulse. The occupation ρ2(t) is not involved in the
relaxation dynamics, ρ0(t) remains constant, and ρ3(t) shows
an increase during pumping just like ρ4(t). The study is per-
formed for undoped graphene at room temperature.
momentum is not a well-defined quantity, the vanishing
screening in the long-wavelength limit does not imply a
divergence of the Coulomb interaction. Furthermore, the
singularities for collinear scattering processes appearing
in graphene in the absence of a magnetic field [10, 31]
do not occur in Landau-quantized graphene due to the
absence of a strictly defined momentum conservation in
such a discrete system. Moreover, note that excitonic ef-
fects of the Coulomb interaction can be neglected, since
the Landau level broadening is generally larger than the
Coulomb-induced finite excitonic dispersion, cf. Supple-
mentary Note 3.
Carrier relaxation dynamics. Using tight-binding
wave functions, we analytically determine the electronic
bandstructure and the matrix elements appearing in the
Bloch equations. Then, we have all ingredients at hand
to evaluate the equations and obtain a microscopic access
to the time-resolved ultrafast relaxation dynamics of op-
tically excited carriers. The initial occupation probabil-
ities ρn(t = 0) before the optical excitation are given by
the Fermi function at room temperature. We apply an
external magnetic field of B = 4 T and an optical excita-
tion pulse with a width of 1 ps, an applied pump fluence
of pf = 10−2 µJcm−2, and an energy of ~ωL ≈ 280 meV
matching the inter-Landau level transitions −3 → +4
and −4 → +3, cf. Fig. 1. As illustrated in Fig. 2,
the carrier occupation probability ρ4 increases up to 8%
during the optical excitation (blue shaded area), while
ρ−3 decreases for the same amount (not shown). Inter-
estingly, the build up of occupation in the Landau level
n = +4 is stopped during the optical excitation and ρ+4
starts to slightly decrease, cf. the orange solid line in
Fig. 2. This effect can be unambiguously traced back to
the Coulomb-induced relaxation process, cf. the orange
dashed line in Fig. 2 illustrating the temporal evolu-
tion of ρ+4 without Coulomb scattering. At the same
time, the occupation in Landau level n = +1 that is not
driven at all by the optical pulse, increases until satu-
ration is reached. The occupation ρ1 remains constant,
if the Coulomb interaction is switched off, cf. the blue
dashed line in Fig. 2. This behavior can be understood
as following: First, the exciting laser pulse generates a
non-equilibrium carrier distribution by transferring elec-
trons from n = −3 to n = +4 (yellow arrows in Fig. 1).
Then, Auger-type processes including impact excitation
(IE) and Auger recombination (AR) redistribute the car-
riers between the equidistant Landau levels n = +4, +1,
and 0 (red and green arrows in Fig. 1). Our calculations
clearly reveal that IE is the predominant channel at the
beginning of the relaxation dynamics due to the Pauli
blocking terms in the scattering rates Sin/outn in the Bloch
equations. During the optical excitation, the occupation
of n = +4 is enhanced, whereas n = +1 contains only few
electrons corresponding to the thermal distribution at
room temperature. As a result, the electron-electron in-
teraction favors the transition +4 → +1 over the inverse
process and provides the energy to excite an additional
electron into n = +1 from the energetically equidistant
zeroth Landau level. This explains the observed increase
of ρ1 and the decrease of ρ4, cf. Fig. 2. Interestingly, the
occupation ρ0 does not change and remains 0.5 during the
entire relaxation dynamics (not shown). This is related
to the peculiarity of the zeroth Landau level being half
valence half conduction band [14]. Due to the symmetry
between electrons and holes in the considered undoped
graphene, each transition evolving electrons can also oc-
cur with holes with exactly the same probability. As a
result, the electron transition 0 → +1 is always accom-
panied by a hole transition 0 → −1 corresponding to the
excitation of an electron into the zero Landau level. This
results in an unconventional IE, where effectively only
one charge carrier is created in every scattering event.
The result is a constant ρ0, while ρ4 decreases and ρ1
increases, just as our theory predicts.
Carrier multiplication. To examine the total im-
pact of Auger scattering processes, we investigate the
temporal evolution of the carrier density that is com-
posed of electrons in the conduction and holes in the
valence band Landau levels. The electron-hole symme-
try allows a convenient definition of the carrier density
N = 2(Ndeg/A)
∑
n≥1 ρn, with the factor 2 accounting
for the electron-hole symmetry, the total degeneracy of
each Landau level Ndeg and the area A. Under the inves-
tigated conditions, the zeroth Landau level, being equally
divided between both bands, has a temporally constant
occupation and does not contribute. Due to the finite
temperature, the initial value of the carrier density is
non-zero and we start with an equilibrium value Neq (yel-
low line in Fig. 3). The optical pulse excites carriers and
4Figure 3. Carrier density. Temporal evolution of the
carrier density N including the thermal equilibrium distri-
bution Neq, and the optically excited carrier density Nopt.
The Auger-induced carrier dynamics results in a carrier mul-
tiplication of CM ≈ 1.3 at the considered pump fluence of
10−2 µJcm−2.
therewith leads to an ascent of the carrier density on a
picosecond time scale. If no many- particle interactions
are taken into account, Nopt reaches a value of approxi-
mately 1.8 · 1011 cm−2, cf. the orange line in Fig. 3. The
full dynamics including Coulomb-induced carrier scatter-
ing reveals a further increase of the carrier density up to
2.3 · 1011 cm−2 reflecting the appearance of a significant
carrier multiplication. The CM factor is defined by
CM =
N −Neq
Nopt , (5)
and corresponds to 1.3 at the given characteristics of the
excitation pulse. It is a direct consequence of the impact
excitation, where more carriers are generated in n = +1
than are lost in n = +4. This is apparent when compar-
ing the drop-off in ρ4 (5%) with the increase of ρ1 (10%)
after two picoseconds in Fig. 2.
To further prove the occurrence of CM as direct impli-
cation of an efficient IE, we determine the time-resolved
scattering rates γAR/IE(t) = 1/A
∑
i ρ˙i(t)
∣∣∣
AR/IE
of the
two competing Auger channels. Our calculations show
a much more efficient IE as a consequence of the non-
equilibrium distribution created by the optical excita-
tion, cf. Fig. 4. The ongoing impact excitation during
and after the excitation leads to a more efficient Auger
recombination until both rates are equal after roughly
2 ps. This is the time frame, in which CM takes place,
cf. Fig. 3. Its value corresponds to the area between
both curves, which is ultimately defined by the asym-
metry between the two competing processes. Their ef-
ficiency as Coulomb channels strongly depends on the
pump fluence determining the number of available scat-
tering partners. Furthermore, the electronic temperature
and the strength of the magnetic field have an influence
on the predicted asymmetry between IE and AR.
Figure 4. Coulomb scattering rates. Scattering rates
γIE/AR for the impact excitation (IE) and Auger recombi-
nation (AR). The yellow area represents the excitation re-
gion. The blue shaded area illustrates the asymmetry region
in which IE prevails over AR resulting in the occurrence of
carrier multiplication (CM).
Discussion. Addressing the optimization of CM, we
investigate its dependence on the externally controllable
parameters, such as pump fluence, temperature, and
magnetic field, cf. Fig. 5. Although the initial asym-
metry between impact excitation and Auger recombina-
tion is larger at enhanced pump fluences, it also leads
to a faster equilibration of both rates leaving a shorter
time frame for CM to occur [9]. As a result, the carrier
multiplication decreases with the pump fluence until a
saturation of pumping at higher fluences is reached, as
illustrated in Fig. 5a. Then, CM starts to slightly in-
crease again reflecting the inefficient optical pumping at
saturation conditions. The dependence on temperature is
governed by occupation effects. A higher temperature re-
sults in less efficient impact excitation, since an increased
initial occupation of n = +1 lowers the efficiency of the
electronic transition 0 → +1. The qualitative tempera-
ture trend resembles a Fermi distribution (cf. Fig. 5b)
resulting in the largest CM for temperatures lower than
200K. Finally, the dependence on the magnetic field is
more complex as it is a combination of both effects dis-
cussed above, namely the excitation strength and occu-
pation effects. Increasing the magnetic field, the Landau
levels (except for n = 0) shift to higher energies accord-
ing to the relation En ∝ ±
√
B |n|. Therefore, the ini-
tial thermal occupation probability ρn for n = 1, 2, 3... is
reduced with increasing magnetic field and IE becomes
more efficient. Moreover, the effective excitation strength
is determined by the amplitude of the laser pulse and is
inverse proportional to its frequency. As the latter in-
creases with the magnetic field, the pumping becomes
less efficient giving rise to a more pronounced CM, as al-
ready shown in Fig. 5a. We observe a saturation value for
the carrier multiplication of 1.5, cf. Fig. 5c. This value
is characteristic for the investigated undoped graphene
within the energetically lowest Landau levels. Here, IE
5Figure 5. Optimization of carrier multiplication. Car-
rier multiplication dependence on (a) pump fluence, (b) tem-
perature, (c) magnetic field, and (d) Landau level broadening.
The red lines represent the values used in Figs. 2-4.
can only occur once via scattering involving the ener-
getically equidistant Landau levels n = +4, +1, and 0.
Furthermore, the peculiar nature of the zeroth Landau
level being a conduction and valence band at the same
time allows only the generation of one additional charge
carrier per excitation, as discussed above. Therefore, an
optically excited electron-hole pair can yield in total up
to three charge carriers resulting in a maximal CM of
1.5. Note that at higher magnetic fields, certain inter-
Landau level transitions can become resonant with op-
tical phonon modes creating so called magneto-phonon
resonances. This is expected to reduce the observed CM,
since the phonons open up a new relaxation channel di-
rectly competing with Auger processes, and even the
electron-phonon interaction is modified [32–35]. There-
fore, the high-magnetic field region of Fig. 5c should be
understood as a trend of the CM as a function of the
magnetic field. At very low magnetic fields, the spacing
between Landau levels decreases, resulting in an over-
lapping of levels. Here, the applied theoretical approach
is not valid anymore. Furthermore, note that the car-
rier multiplication does not significantly depend on the
Landau level broadening, as illustrated in Fig. 5d. On
the one hand, the Lorentzian appearing in the scatter-
ing rates decreases for larger broadenings. On the other
hand, the dielectric function is reduced leading to an en-
hancement of the Coulomb interaction. Additionally, due
to an increased dephasing of pnn′ , the optical pumping
is less efficient. Overall these effects nearly cancel out
resulting in a CM that is to a large extent independent
of Landau level broadening.
Including energetically higher Landau levels will in-
crease the CM, since the excess energy of a highly excited
electron-hole pair can provide enough energy for more
than one IE scattering event. In this very first study,
we have provided clear evidence of CM in the low en-
ergy limit. Taking into account the findings of Plochocka
et al. [20] that experimentally prove the importance of
Auger scattering even for higher Landau levels, we expect
a pronounced CM to occur in a broad spectral range. Al-
though they suspect that Auger scattering may be sup-
pressed for lower Landau levels, their findings are indeed
compatible with our results. A multi-color pump-probe
experiment addressing the carrier dynamics between the
discrete low-energy Landau levels should confirm our the-
oretical predictions in a straightforward way.
In summary, we have gained new fundamental insights
into the relaxation dynamics in graphene under Landau
quantization, in particular revealing the appearance of
a considerable carrier multiplication that can be traced
back to an efficient impact excitation. We have shown
that Landau quantization offers a promising strategy to
address the key challenge of carrier extraction in a gap-
less structure which might be beneficial for the design of
graphene-based optoelectronic devices.
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